Collie eye anomaly (CEA) encompasses a spectrum of different ophthalmic phenotypes from clinically inconsequential choroidal hypoplasia to blindness from coloboma of the optic nerve head (ONH). A previous study found a 7.8-kb deletion in intron 4 of the NHEJ1 gene to be associated with CEA. A genetic test based on this association is recommended for many breeds, including the Nova Scotia Duck Tolling Retriever (NSDTR). Collection of ONH coloboma-affected NSDTR showed lack of concordance of the NHEJ1 intronic deletion with ONH coloboma. Using genomewide single nucleotide polymorphism (SNP) genotyping in 7 ONH coloboma-affected NSDTR cases and 47 unaffected NSDTR controls with no ophthalmic signs, one SNP, located on chromosome 7, demonstrated genomewide significance. However, high genomic inflation may have confounded the results. Therefore, the genomewide association study was repeated using EMMAX to control for population structure in the cohort of 7 cases and 47 controls. However, no regions of the genome were significantly associated with ONH coloboma. These results failed to document significant association with the CEA locus. Due to the complex genetic etiology of ONH coloboma, the NHEJ1 intronic deletion test results should be carefully considered when making breeding decisions. If the goal is to select for visually competent dogs, our data suggest that eye examinations of puppies would be more effective as a guide in selection of breeding pairs than relying solely on currently available genetic tests.
INTRODUCTION
Vertebrate eye development is a complex process involving multiple embryonic tissue types. 1 A multitude of ocular disorders can result from improper induction, migration, proliferation, or differentiation of ocular tissues during embryonic development. A coloboma (G. kolob oma, lit., the part taken away in mutilation, fr. kolobo o, to dock, mutilate) is an absence of normal ocular tissue and can involve the eyelid, uvea, lens, sclera, retina, or optic nerve. 2 Inferior uveal, retinal, or optic nerve head (ONH) colobomas are typically due to failure of the choroidal fissure to close, while colobomatous malformations at other locations are typically due to abnormal differentiation of the outer layer of the optic cup. 3 In human patients, the prevalence of coloboma is 2-14 per 100 000 live births and can occur in association with other ocular anomalies, such as microphthalmia. 4, 5 Mutations in multiple genes critical to eye development including PAX6, SOX2, RAX, BMP7, SHH, and ALDH1A3 have been identified in human patients with coloboma. 6 In dogs, the most well studied syndrome associated with coloboma is collie eye anomaly (CEA), a congenital, heritable ocular disorder that occurs commonly in the Rough and Smooth Collie and Shetland Sheepdog. [7] [8] [9] A survey study investigating CEA in Rough Collies in Norway found 40.8% of dogs examined to be affected with CEA, of which 93.7% had choroidal hypoplasia and 18.9% had coloboma. 9 Similarly in Swedish Rough Collies, the prevalence of choroidal hypoplasia was found to be 68.1% and the prevalence of coloboma to be 12.4%. 10 This syndrome primarily affects the posterior segment of the eye and varies in both the severity of its clinical manifestations and the ophthalmic lesions present. 11 The two primary ocular lesions are temporal choroidal hypoplasia and coloboma of the ONH; although tortuous retinal blood vessels, retinal detachment, and intraocular hemorrhage have also been variably described. 7 Dogs with CEA can range from mildly to moderately affected individuals with no vision impairment; however, dogs presenting with ONH coloboma are often most severely affected and at risk of retinal detachment and blindness. 11 In 2003, Lowe et al. 11 used linkage mapping to localize a 3.9-cM locus associated with choroidal hypoplasia on chromosome 37. Parker and colleagues then used finemapping techniques in the region to identify a 7.8-kb deletion in intron 4 of the NHEJ1 gene, termed the cea locus, that segregated with the specific phenotype of choroidal hypoplasia across multiple dog breeds in an autosomal recessive manner. 12 While their mapping classified cases from controls by the presence or absence of choroidal hypoplasia, respectively, the authors included ONH coloboma as part of 'the cea extended phenotype'. To our knowledge, there are no published reports of the cooccurrence of the different ocular phenotypes associated with CEA and the NHEJ1 intronic deletion. In addition to the traditional herding breeds, other breeds with 'a CEA-like phenotype' (it is unclear from the publication if this means choroidal hypoplasia or optic nerve coloboma) were found to concordantly segregate the NHEJ1 intronic deletion, including the Lancashire Heeler, Longhaired Whippet, and Nova Scotia Duck Tolling Retriever (NSDTR). 12 The reporting of the NHEJ1 intronic deletion causing CEA in multiple breeds resulted in the development of a PCR-based genetic test being made available to breeders and dog owners. 12, 13 Currently, the Orthopedic Foundation for Animals (http://www.ofa.org) lists the CEA mutation test as available for the Australian Shepherd, Bearded Collie, Border Collie, Boykin Spaniel, Collie, Lancashire Heeler, Miniature American Shepherd, Shetland Sheepdog, Silken Windhound, and NSDTR.
Individuals within the NSDTR breed have been documented to have a 'CEA-like phenotype' that is concordant with the NHEJ1 intronic deletion. 12 The genetic test is currently required by the Nova Scotia Duck Tolling Retriever Club of the United Kingdom (http://www.tolle r-club.co.uk) and recommended by the Nova Scotia Duck Tolling Retriever Club in the United States (http://nsd trc-usa.org/) and Netherlands (http://www.tollertales.nl/). However, the identification of a dog with an optic nerve coloboma that was not homozygous for the NHEJ1 mutation was brought to our laboratory's attention. This initiated further investigation into the concordance of the NHEJ1 intronic deletion with ONH coloboma in the NSDTR, as well as the genetic basis of the disease in the breed. As additional sample collection showed that the NHEJ1 intronic deletion did not segregate with ONH coloboma in the NSDTR, genomewide association analysis was performed to investigate a separate locus responsible for this phenotype. After correction for population stratification, no regions of the genome were significantly associated with ONH coloboma, further supporting that the previously identified NHEJ1 intronic deletion is not solely responsible for all ONH colobomas in this breed.
MATERIALS & METHODS

Phenotyping
Client-selected board-certified veterinary ophthalmologists examined NSDTRs with suspected ophthalmic signs. Veterinary clinical records, Canine Eye Registration Foundation (CERF) reports and/or Orthopedic Foundation for Animals Eye Certification Registry (CAER; http://www.ofa.org/eye_overview.html) or European College of Veterinary Ophthalmologist (ECVO) certificate of eye examination reports were submitted for affected dogs in the United States and Europe, respectively, along with EDTA whole-blood samples. NSDTR controls and relatives of cases had a record of a clear CERF/CAER exam, as documented in the Orthopedic Foundation for Animals database (http://www.ofa.org).
Canine sample DNA extraction
The DNA was extracted from EDTA whole-blood samples using Gentra Puregene DNA purification extraction kit (Qiagen, Valencia, CA). Collection of canine samples was approved by the University of California, Davis Animal Care and Use Committee (protocol # 18561).
Collie eye anomaly genotyping
Thirty-five NSDTRs were genotyped for the 7.8-kb deletion implicated in CEA, as described by Parker et al. 12 This included seven cases affected with ONH coloboma and their relatives when available (sires, dams, siblings, etc.). Each PCR consisted of 13.9 lL water, 2 lL 109 buffer with MgCl 2 , 1 lL dNTP, 1 lL of each primer, 0.1 lL AmpliTaq Gold, and 1 lL of genomic DNA. Cycling conditions were as follows: 94°C for 12 min; 35 cycles 94°C for 30 s, 58°C for 30 s, 72°C for 2 min; 72°C for 20 min; 4°hold. Results were visualized on a 2% agarose gel with ethidium bromide.
Genomewide association study (GWAS)
Genomewide single nucleotide polymorphism (SNP) genotyping was performed using the Illumina Canine HD 174 000 SNP array (Illumina, San Diego, CA) for 7 ONH coloboma cases and 47 controls with no reported ophthalmic disease (clear CERF report). SNPs were pruned from analysis if their minor allele frequency was <5% and the call rate <90%. Chi-square association analysis, odds ratios, Bonferroni adjustments, multidimensional scaling (MDS), and quantile-quantile (Q-Q) plot and genomic inflation calculations were performed in Plink. 14 The GWAS was repeated using the above criteria in Golden Helix (Golden Helix, Inc. Bozeman, MT) with EMMAX (single locus mixed model) to control for the underlying population structure of samples used.
RE SUL TS
Phenotyping CERF/CAER or ECVO certificates or medical records were available for seven ONH coloboma-affected NSDTRs. Three cases were affected with an ONH coloboma OD, one was affected OS, and three were affected OU. Four of these cases were classified as affected with CEA by the examining veterinary ophthalmologist-either by checking the CEA box along with the CEA-associated coloboma box on CERF/CAER/ECVO forms or specifically mentioning it in the medical records. Additional phenotype information for each case is summarized in Table 1 .
NHEJ1 intronic deletion genotyping
Seven NSDTRs affected with ONH coloboma were genotyped by PCR for the 7.8-kb NHEJ1 intron 4 deletion previously associated with CEA. Three cases were homozygous for the 7.8-kb deletion, two were heterozygous, and two were homozygous for the wild-type allele (Fig. 1, Table 1 ). To investigate segregation of the CEA locus within the breed, an additional 28 unaffected, but related, NSDTRs were also genotyped for the 7.8-kb deletion: Eight were heterozygous for the NHEJ1 intronic deletion, while the remaining 20 were homozygous for the wild-type allele.
GWAS
To determine a region of the genome associated with ONH coloboma in the Nova Scotia Duck Tolling Retriever, genomewide association analysis was performed using 7 confirmed ONH coloboma cases and 47 CERF clear controls. Before pruning, there were 173,662 markers genotyped. 60 424 SNPs failed a minor allele frequency test (MAF < 0.05) and 3536 SNPs failed a genotyping rate of 90%, leaving 109 702 SNPs for chisquare analysis. Genomic inflation was elevated at 1.32697 due to population stratification, as shown in the Q-Q plot in Fig. 2a , despite well-matched cases and controls based on MDS (Fig. 2b) . Only one SNP was genomewide significant with a P Bonferroni < 0.05 (chr7:66,174,129: P raw = 1.295 9 10 7 , P Bonferroni = 0.01421) (Fig. 2c) . To control for the underlying population structure of the genotyped samples, the GWAS was repeated in Golden Helix using EMMAX. After SNP quality control, 109 394 SNPs remained for analysis. While population stratification was improved (see Q-Q plot; Fig. 3a) , the single SNP on chromosome 7 was no longer significantly associated and no other SNPs demonstrated genomewide significance (Fig. 3b) . It is interesting to note that neither GWAS yielded an association with chromosome 37, where the CEA locus was originally mapped.
DISCUSSION
Collie eye anomaly is a complex phenotype, potentially including a number of different ophthalmic structures including the retina, sclera, choroid, and lens. 7 Despite the heterogeneous presentation, choroidal hypoplasia is considered the most consistent sign of CEA, even though severe cases of CEA often have concurrent ONH abnormalities. 17 It has been suggested by others that these two phenotypes are inherited separately. 10, 18 Further complicating accurate phenotyping and diagnosis, choroidal hypoplasia may be masked in a dog older than 3 months of age due to retinal pigmentation. 9 In this work, we were not able to evaluate the dogs for choroidal hypoplasia as puppies so the separation of these phenotypes could not be evaluated in this cohort. This is in part due to the nature of the prebreeding ocular evaluation forms used in North America and abroad. The ability of veterinary ophthalmologists to check a box termed CEA rather than the specific clinical phenotypes contributes to continued misevaluation of the true nature of the disease. A 'cea-like phenotype' has been previously documented in the NSDTR, whose basis is supported by anecdotal breed history involving collie ancestors. 12 However, the presence of ONH coloboma cases in the breed that are not homozygous for the autosomal recessive mutation associated with CEA is contradictory. Of the seven NSDTR ONH coloboma cases genotyped for the NHEJ1 intronic deletion, only three had concordant genotypes (Fig. 1) . The remaining four were either heterozygous for the deletion or homozygous for the wild-type allele, suggesting that ONH coloboma in the NSDTR can occur independently of the documented NHEJ1 intronic deletion. Additionally, of the four ONH coloboma cases specifically stated to be associated with CEA by the examining veterinarian, only one was homozygous for the NHEJ1 intronic deletion. As NSDTR breeders have been using this test for some time to avoid producing animals homozygous for the NHEJ1 intronic deletion, it is impossible to know what the association and penetrance are of this mutation with respect to either choroidal hypoplasia or ONH coloboma. Choroidal hypoplasia by itself has not been proven to result in blindness or clinically detectable visual deficits; therefore, there is little justification to select against it per se unless it is associated with ONH coloboma. 18 It is the authors' opinion that further work is required to determine the correlation and penetrance of the NHEJ1 intronic deletion with any visual deficits prior to using this test to make breeding decisions.
Concordance of the NHEJ1 intronic deletion with the CEA phenotype has similarly been investigated in Danish Rough Collies and Shetland Sheepdogs. 19 Fredholm et al. found that in Danish Rough Collies the CEA mutation is not prognostic for choroidal hypoplasia. However, they did find concordance of the mutation with choroidal hypoplasia in the Shetland Sheepdog. Given that ONH colobomas and choroidal hypoplasia are often presented as more severe and less severe forms of CEA, respectively, lack of concordance of homozygosity for the NHEJ1 intronic deletion with lesions that could impact vision is concerning. Even before association of the NHEJ1 intronic deletion with CEA, breeders were unsuccessful in the use of strict selective breeding practices to prevent choroidal hypoplasia and ONH coloboma. Specifically, in Swedish Rough Collies, incidences of choroidal hypoplasia and ONH coloboma were documented before and after practices were in place (i.e. ophthalmic examination before 12 weeks of age to avoid breeding of 'go-normal' dogs) to limit breeding to dogs with only mild to moderate choroidal hypoplasia and without coloboma. 10 Strict selection based on phenotype did not alter the prevalence of coloboma in the Rough Collie population; however, the prevalence of choroidal hypoplasia increased. The differential changes in ONH coloboma and choroidal hypoplasia despite selection supports that CEA is not a simple, monogenic autosomal recessive disease.
As a result of the lack of association of the NHEJ1 intronic deletion with ONH coloboma, and previous literature suggesting two separate modes of inheritance, genomewide association analysis was performed on a cohort of ONH coloboma-affected NSDTRs. 10, 18 In an initial GWAS using 7 cases and 47 controls, there was one SNP with a genomewide significant association. However, there was considerable population stratification, as demonstrated by the elevated genomic inflation factor and stratified Q-Q plot (Fig. 2) , which potentially obscured a true association within false positive associations. 20 To help correct for this, a second association analysis was performed using EMMAX to account for the underlying population structure. The population stratification was improved (Fig. 3a) ; however, there were no SNPs with a genomewide significant association with ONH coloboma (Fig. 3b) . The lack of association of ONH coloboma with any region of the genome, including chromosome 37 where CEA has been previously associated, supports that the NHEJ1 intronic deletion is not responsible for ONH coloboma in the NSDTR.
While it has been suggested that mapping of simple autosomal recessive disease alleles in the dog requires 20 cases and 20 controls, there have been numerous examples of dog GWAS studies successfully producing actionable data utilizing many fewer samples. [21] [22] [23] [24] [25] [26] [27] [28] If ONH coloboma was a simple, autosomal recessive trait, like CEA is purported to be, it should be identifiable using genomewide association techniques given the length of linkage disequilibrium in the breed, the number of cases, and the number of controls used in this study. 23, 24 Given the lack of concordance of the NHEJ1 intronic deletion with ONH coloboma, as well as the lack of evidence that ONH coloboma is inherited in a simple autosomal recessive manner, the CEA mutation test should not be used to direct breeding decisions for ONH coloboma in the NSDTR until a clear understanding of the mode of inheritance and the frequency and severity of visual deficits associated with the NHEJ1 intronic deletion are available.
